ABSTRACT. Both fetal and neonatal nutrition may influence the body fat content of infants. Epidemiologic field studies would be facilitated by a simple method of measuring total body fat (TBF). The accuracy of a method, based on skinfold measurements, of estimating TBF was evaluated in 22 infants by comparing the results with those obtained by the body water dilution technique. Because the accuracy was poor, a modification was evaluated in 14 of the infants. The measurements were used to calculate the amounts of subcutaneous and nonsubcutaneous body fat. Estimates of the thickness of subcutaneous adipose tissue made with calipers and ultrasonography were compared with each other and with those obtained with Futrex 5000, a device based on the principle of near-infrared interactance. The composition of the adipose tissue in biopsy specimen from 38 infants was analyzed and contained a mean of 0.66 g of fat/cm3. Results obtained by Futrex 5000 correlated with subcutaneous adipose tissue thickness only when the latter was thin. Estimates of adipose tissue thickness by calipers were significantly higher than estimates by ultrasonography at the forearm, thigh, and calf, whereas the opposite was found at the triceps, biceps, umbilicus, and nipple. The amount of nonsubcutaneous fat, in relation to body weight minus subcutaneous fat, increased with age and was higher in girls than in boys. Skinfolds were poor predictors of TBF. However, it may be possible to predict TBF from anthropometric measurements if appropriate knowledge about the growth and development of adipose tissue in infancy are available. In the evaluation of the nutritional status of infants, an estimate of TBF is often desirable. There are several ways of measuring TBF, but the method of underwater weighing, often used as a reference method in adults (I), is unfortunately not applicable in infants. The BWD technique of estimating TBF from body weight and TBW is a possible alternative because the technique of measuring TBW has recently been improved (2). However, this method is complicated and expensive and thus not suitable in field studies. Durnin and Womersley ( I ) developed a simple and widely used method of estimating TBF in adults based on estimates of skinfolds with calipers. Skinfolds are often used in studies of infants but, as pointed out by Dietz (3). a correlation between skinfolds and TBF has not been established for infants. In fact, Davies and Lucas (2) were unable to find any correlation between skinfolds (triceps and subscapular) and TBF in infants. A simple method. also based on skinfolds, for estimating TBF in infants was developed by Dauncey cJt a/. (4) and applied in studies on infants (5. 6). This method has not, however, been compared with a more accurate method of estimating TBF. Using their method, Dauncey c>t a/. (4) found healthy full-term newborns to contain 11-13% fat. Other ways to estimate infant fatness have given similar figures. Thus according to Widdowson (7). full-term newborns contain about 16% fat, whereas the corresponding figure according to Fomon et a/. (8) is 14%. Swedish newborn infants contained 15.9% fat (5) when studied using the method of Dauncey cJl a/. (4) and assuming that a skinfold equals the thickness of the subcutaneous adipose tissue layer corrected for skin thickness. Data from children and adults (9-1 1) indicate that a skinfold measures a double rather than a single layer of adipose tissue, but we could find no comparable data for infants.
Ultrasonography has been used for estimating the thickness of subcutaneous adipose tissue in adults ( 12). Comparison between estimates obtained by calipers and ultrasonography thus represents a means to evaluate whether skinfolds in infants measure a single or a double layer of adipose tissue. Dauncey et al. (4) assumed that triceps and subscapular skinfolds represent the average thickness of subcutaneous adipose tissue in infants, but we know of no data confirming this. They also assumed that each cm3 of infant adipose tissue contains 0.9 g of fat (4). This seems unlikely because the corresponding value in adults is about 0.77 g/cm3 ( 1 3). Nevertheless (BFD) . The volume of subcutaneous adipose tissue was calculated from total length. crown-rump and arm lengths, and circumferences of head, trunk, mid-thigh, and calf, as well as from triceps and subscapular skinfolds minus 2 mm. The weight of fat in that volume was calculated by multiplying by 0.9.
TBF measured by method of Dauncej3 et a/. wing caliper readings divided by two (BFDI2). The volume of subcutaneous adipose tissue and the weight of fat in that volume were measured as described for BFD above, but skinfolds were divided by 2. and 1 mm, representing a single layer of skin, was deducted before the calculations were made.
TBF measured by a mod~jication of method o f Dauncey et al. (BFMD).
The following modifications were made to BFD when measuring the volume of subcutaneous adipose tissue: Trunk circumference was the mean of hip and chest circumferences. Arm circumference was the mean of upper arm and forearm circumferences. Skinfolds from 10 body sites were taken, divided by 2, and I mm, representing a single layer of skin, was deducted from the estimate. The mean of the 10 skinfolds was taken as the thickness of the subcutaneous adipose tissue layer. Subcutaneous adipose tissue was assumed to contain 0.66 g of fat/cm3 (see below).
Caliper measurements. Skinfolds were measured, always by the same person, in triplicate on the left side of the body by a Harpenden skinfold caliper (Hemco Corp., Holland, MI) with calibrated pressure to the nearest 0.1 mm. They were measured at triceps, biceps, forearm, subscapular, umbilicus, and front of thigh (15). Skinfolds were also taken I cm to the left of the nipple, at the back of the thigh, midway between the fold below the buttock and the popliteal space, and on the back of the calf midway between the popliteal space and the ankle. On the buttock, a skinfold was measured vertically at the center. Unless otherwise indicated, skinfolds were not corrected for skin thickness.
Ultra.sonographj~. Thickness of subcutaneous adipose tissue was estimated with an Acuson 128 Computed Sonography System (Acuson Corporation, Mountain View. CA) by an experienced radiologist. Images perpendicular to the skin that showed the tissue beneath the site of study were projected on a screen, and the thickness of subcutaneous adipose tissue including skin. was measured. Photographs were taken of the images and used to confirm the measurements.
NII. By following the instructions given by the manufacturer (Futrex Inc.), an estimate of the amount of subcutaneous fat was made using the Futrex 5000.
Other anthropotnetric measllrements. The body weight of the nude infant was recorded to the nearest 5 g using an infant balance (Stathmos/Lindell personal scale, model 304. Stathmos AB, Stockholm, Sweden). Total length and crown-rump length were recorded to the nearest cm on a measuring board. Circumferences and other lengths were measured with a tape measure to the nearest 0.5 cm. Arm length was the distance between acromion and caput radii. Circumferences were taken as follows: Upper arm, midway between the olecranon and the acromion: forearm, midway between the olecranon and caput radii: chest, at the level of the nipples: head, as described by Weiner and Lourie (16); hip, the maximal circumference at the hips: thigh. midway between the fold below the buttock and the popliteal space: and calf, midway between the popliteal space and the ankle.
BFBWD. TBF was estimated using the BWD technique as body weight minus FFM, the latter being TBW/0.80 (8). For each infant, a urine sample was taken to give a baseline value for isotope enrichment and then weighed amounts of "0-labeled water [O. 14 (0.02) g H2"O/kg TBW] were given by a nasogastric tube or p.0. The container and the tubing or feeding device were rinsed with tap water, which was also fed to the infant. Urine produced during the followinn 6 h was collected in a vlastic bag gpplied over the urethra. he amount was measuied and a sample saved for isotope analysis. Six h after dosing, a new plastic bag was applied, and as soon as the infant had passed urine, a sample was collected. The infants were allowed to feed normally during the urine collection. For 15 infants, another four urine samples were collected during the following 2 wk by the mother, who had been given appropriate instructions in advance. The enrichments of "0 in the dose and in the urine samples were measured at the Bureaux of Stable Isotope Analysis in London with a mass spectrometer (VG Sira 11, VG Isotech, Middlewich, England) that was equipped with ISOPREP 18 by which the ''01 1 6 0 ratio was measured using a shaking waterlcarbon dioxide equilibration system. The results were reproducible to within 0.7 ppm. The "0-space was calculated (17) assuming maximum enrichment of isotope in body water about 6 h after dosing and by deducting the amount of isotope excreted in the urine during the first 6 h after dosing (plateau method). When possible, "Ospace was also calculated (1 7) assuming that enrichment at time zero represents the maximum enrichment of isotope in body water (extrapolation method). This latter calculation was based on isotope enrichments in the four urine samples collected during 2 wk after the dose had been given assuming that ' W is excreted according to single-pool kinetics (1 8). When estimates based on both methods were available, "0-space is given as the mean of the two measurements. When only the plateau method was used, 180-space is this result multiplied by 0.985. TBW is calculated as "0-space divided by 1.0 1.
Composition and Densitj, qf Adipose Tisslre. Biopsies were analyzed for fat, fat-free solids, and water. Fat content was determined by extraction with petroleum ether (boiling point 40-60°C) (Soxtec System Ht. Hoganas, Sweden), and fat-free solids were determined by drying the extracted residue to constant weight at 105°C. Water content was the difference between the weight of the biopsy and the sum of its contents of fat and fat-free solids. Assuming adipose tissue to contain (wt/wt, in percent) fat (x), fat-free solids (y), and water (z), its fat content (g/cm3) was calculated as: x/(x/0.9 + y/ 1.4 + z/ 1.0 12). Densities (g/cm3) for fat, fat-free solids, and water are 0.9, 1.4, and 1.01 2, respectively ( 13).
Distriblrtion qf Bod-v Fat Between Suhcutaneo~rs and Nonszrhcutaneous Sites. Estimates of BFMD were also considered to represent the amount of subcutaneous fat. The amount of nonsubcutaneous fat was calculated as BFBWD -BFMD.
Infants and Studv Design. Three groups of full-term infants were studied. The protocol was approved by the ethical committees of Huddinge Hospital and the Karolinska Institute. Stockholm, Sweden.
Group I (n = 8; Table 1 ). The staff of a pediatric ward asked parents of infants less than 3 mo old, admitted to the hospital for minor illnesses, if they would agree to let their infants participate in the study. If so, further information was given and consent requested from both parents. The study was conducted while the infant remained in the ward. BFD, BFD/2 and BFBWD were estimated for the infants in this group.
Group 2 (n = 14; Table I ). The staff of child health centers asked mothers of healthy infants less than 3 mo old if they would allow their infants to participate in the study. If so, further information was given by one investigator (N.K.), who visited the mother at home. Consent from both parents was requested. The measurements were made during 1 d when the mother brought her infant to the hospital. BFD. BFD/2, and BFBWD were estimated for the infants in this group. Also, thickness of subcutaneous adipose tissue was measured by both ultrasonography and calipers at 10 body sites, and an estimate of the amount of subcutaneous fat was obtained by Futrex 5000 at these 10 sites. Circumferences of hip and forearm were measured and BFMD was calculated. The distribution of body fat between subcutaneous and nonsubcutaneous fat was also investigated.
Group 3 (n = 38). The staff of a pediatric surgery department asked parents of infants less than 1 y old for permission to take adipose tissue samples from the infants during hernia operations. Table 2 shows the thickness of subcutaneous adipose tissue measured by ultrasonography and by calipers at 10 body sites. Measurements by ultrasonography were higher than skinfolds divided by 2 at five sites, whereas the opposite was found for the other five sites. The differences were in most cases significant. However, there was no overall significant difference between the two kinds of measurements when all sites were combined.
RESULTS

Suhc~rtanc~ous adipose tiss~te thickness hjl calipers and ultrasonography.
Evalzturion of Fzitre,~ 5000. Figure la shows the association between thickness of subcutaneous adipose tissue estimated by calipers on the s axis and measurements obtained by Futrex 5000 on the axis. whereas Figure 1 h shows the corresponding association between the Futrex measurements ( j q ) and the thickness of subcutaneous adipose tissue measured by ultrasonography (s). In both cases, there was apparently a weak association between NII units and adipose tissue thickness when the latter was less than approximately 5 mm. For adipose tissue thickness above 5 mm, the estimate obtained by Futrex 5000 did not increase as the thickness of adipose tissue increased.
Adipose tissue composition and density. Infant adipose tissue contained 7 1 % (SD 9%) fat (range 47-89%). 26% (SD 8%) water (range 9-44%), and 4% (SD 3%) fat-free solids (range 1-17%) corresponding to 0.66 (SD 0.07) g of fat/cm3 adipose tissue (range 0.46-0.82 g/cm3). There was no association between age and the content of fat or water in adipose tissue.
TBU.: Table 3 shows "0-space, TBW, and elimination rate for ''0 for infants in groups I and 2.
Method qf 'Daztncey rt al. (4) ,for rstimuting TBF. Estimates of BFD, BFD/2, and BFBWD for infants in groups 1 and 2 are given in Table 4 . With TBF expressed as percent of body weight. these infants contained 20.7% (SD 4.4%) BFD. 10.4% (SD 2.2%) BFD/2. and 16.2% (SD 5.6%) BFBWD. Figure 2a shows differences between percent BFD and percent BFBWD plotted against TBF in percent. This difference was 4.5% (SD 5.6%). No signif- icant relationship between this difference and TBF in percent was found. Figure 2h shows differences between percent BFD/2 and percent BFBWD plotted against TBF in percent. This difference was -5.8% (SD 5.1%). There was a significant linear relationship between the difference between BFD/2 and BFBWD and percent TBF ( r = -0.75, p < 0.001).
Modificution c!f'method of Daltncey et al. .fi~r c~.stimuting TBF. Table 4 also shows estimates of BFMD and BFBWD for infants in group 2. With TBF expressed as percent of body weight, these infantscontained 12.2% (SD 2.4%) BFMD and 17.4% (SD 5.1 %) BFBWD. Figure 2c shows differences between percent BFMD and percent BFBWD plotted against TBF in percent. This difference was -5.2% (SD 4.9%). A significant linear relationship between BFMD -BFBWD and TBF in percent was found ( r = -0.66, p < 0.0 I).
Dis~ribit~ion qfhodjj,fur he1n1c.c.n subni~uneoiis and nonsubczrtaneoits sircy. The values in Table 4 describe the distribution of body fat: BFMD and BFBWD -BFMD represent the amounts of subcutaneous and nonsubcutaneous fat, respectively. Furthermore, Table 4 shows BFBWD -BFMD expressed in percent of body weight minus BFMD, thus representing the fat content of the infant's body when the fat in subcutaneous adipose tissue is disregarded. The infants contained 28 1 % (SD 260) g of nonsubcutaneous fat, and when expressed in percent of body weight minus BFMD. 5.9% (SD 5.5%). This figure was significantly higher ( p < 0.02) for girls [9.2% (SD 3.8%)] than for boys 12.6% (SD 5.1 %)I. A significant correlation between this percentage ( j t ) and age (s) (mo) of the infant was also found: j? = 5.14s -4.72; r = 0.63, p < 0.02. n = 14.
Correlations between TBF estima~rd by B WD und anrhropometric mea.~urements. A significant correlation was found between the subscapular skinfold (mm) and BFBWD (%) ( r = 0.63, p c 0.01, n = 22). Also, BFBWD (%) correlated with forearm skinfold (mm) ( r = 0.60. p < 0.05, n = 14) and with calf skinfold (mm) ( r = 0.68, p < 0.01, n = 14). There was no correlation between BFBWD (%) and triceps skinfold (mm) or between BFBWD (%) and any of the other skinfolds (mm) measured. A significant linear relationship was found between weight (g)/ height (cm) (x) and BFBWD (%) (y): jq = -8.55 + 0 . 2 8 4~; r = 0.60. p < 0.01, n = 22. There were also significant correlations between BFBWD (g) ( y) and BFMD (g) (s) ( j* = 1.098s + 2 16, r = 0.63, standard error of the estimate = 270, p < 0.02. n = 14). as well as between BFBWD (g) 0,) and BFBWD -BFMD (g) ( s ) ( j v = 1.055s + 642. r = 0.82, standard error of the estimate = 199,p < 0.001, n = 14).
DISCUSSION
Our results show that caliper measurements, divided by 2, give lower figures than ultrasonography when the subcutaneous adipose tissue is thin (i.e. triceps, biceps, subscapular, umbilicus, and nipple) and higher estimates where the adipose tissue is thick (1.e. thigh, calf. and buttock). Possibly, in infants, thin skinfolds are more easily compressed by the caliper than are thick ones. It needs to be emphasized that neither of the two methods necessarily gives the true figure for adipose tissue thickness. Ultrasonography requires a correct identification of the border between adipose tissue and muscle, which may be difficult because adipose tissue is sometimes present in layers separated by membranes that are visible on the screen. Studies in adults (10) comparing caliper measurements to direct measurements of subcutaneous adipose tissue indicated good agreement between the two, although the caliper tended to underestimate the true adipose tissue thickness. From our results we conclude that, in infants, a caliper measurement divided by 2 is likely to give a better estimate of the thickness of subcutaneous adipose tissue than the initial caliper reading alone.
Our results showed that the NII technique gave rather similar values at all body sites although both ultrasonography and calipers indicated that the thickness of subcutaneous adipose tissue varied. It thus seems unlikely that measurements made with the Futrex 5000 represent valid estimates of the amount of subcutaneous fat in infants. Although the NII technique may be useful, the Futrex 5000 device requires improvement before it can be adopted for studies of infants.
Our findings with respect to adipose tissue composition are in agreement with data published by Baker (21) and suggest that the assumption by Dauncey el ul. (4) about the density of infant adipose tissue needs modification. Our finding that the lipid content of adipose tissue does not change with age is in contrast to Baker's data because he showed (2 1) that the amount of fat in adipose tissue tended to increase with age during early life.
We have assumed that the BWD technique provides valid estimates of TBF in infants. This requires an accurate assessment of TBW and a correct calculation of FFM. Two approaches could be used when TBW is estimated using ''0. In the extrapolation method. "0-space is the time zero distribution space calculated from the rate at which the isotope disappears. In the plateau method, "0-space is calculated from the isotope enrichment observed shortly (usually about 4 to 6 h) after the dose is given, assuming that no isotope is lost or that all isotope lost during the equilibration period can be accounted for. Because the plateau method tends to overestimate "0-space and the extrapolation method tends to give too low results ( I 7), we used the average of the two for estimating "0-space. When the extrapolation method was not used. '"-space was assumed to equal 98.5% of the estimate obtained by the plateau method because our values obtained by the extrapolation method were. on average, 97% of values obtained by the plateau method. The elimination rate of "0 and TBW have been studied previously A correct conversion of TBW to FFM requires that the degree of hydration of the latter is known. In human adults, FFM is assumed to contain 72-73% water, although the variation around this value is considerable in adult animals (26). Infants and children have a higher degree of hydration in FFM than adults, and the corresponding value for a fetus is even higher (7). The value that we used (80%), must be regarded as potentially inaccurate because it is based on limited data and because the degree of hydration in FFM may also be variable in infants. Assuming that the mean degree of hydration in FFM among the infants in this study was 82%. rather than 80%. the difference between BFD and BFBWD would be 2.4%, not 4.5%. Unfortunately, no better alternative to estimate TBF of infants in vivo is presently available.
The method of Dauncey et a/. (4) seems to give inaccurate and imprecise estimates of TBF irrespective of whether skinfolds were taken to represent single or double layers of adipose tissue. Assuming a more realistic fat content of adipose tissue than suggested by Dauncey cJt a/. does not change this conclusion. Attempts to modify the method by including more skinfolds (as in BFMD) did not improve the accuracy and improved the precision only slightly. BFD overestimated TBF, whereas BFD/ 2 and BFMD underestimated it, probably because infants may have fat at sites other than subcutaneously. for example around the internal organs and within muscles. Therefore. BFD/2 and BFMD, which presumably assess only the amount of fat located subcutaneously, underestimate TBF: BFD is higher than TBF. although the nonsubcutaneous fat is not taken into account. probably because the amount of subcutaneous fat is overestimated. The underestimation of TBF by BFD/2 and BFMD increased as the TBF content of the infant increased, which suggests that fatter infants contain relatively more nonsubcutaneous fat than lean infants do.
Our estimates of nonsubcutaneous fat should be regarded with caution because their derivation was based on many assumptions. It is relevant to mention that a similar approach has been used to estimate "internal fat mass" in adults (27) . Our data suggest that the amount of nonsubcutaneous fat varies considerably among infants and are thus in agreement with the suggestion that variation in the distribution of internal and external fat stores is a major factor behind the poor correlation between skinfolds and BFBWD in infants (2).
In agreement with previous results (2), we found no correlation between triceps skinfold and BFBWD. Although some of the skinfolds taken in this study did correlate with BFBWD. most of them did not. This agrees with findings by Deans et al. (28) . who failed to show any relationship between the percentage of fat in fetuses in late pregnancy estimated by magnetic resonance imaging and TBF after birth calculated from caliper measurements. Correlations between BFBWD and BFMD as well as between BFBWD and BFBWD -BFMD were, however, found.
Although the above results may appear discouraging, we suggest that BFMD may, after further refinement. be potentially useful in field studies as a simple method of predicting TBF in infants. With more knowledge available about the growth and development of adipose tissue during infancy, it may be possible to establish an appropriate measuring procedure and develop adequate predictive equations. On the basis of the present results. we suspect that separate equations for boys and girls with the age of the infant included would increase the accuracy of such a method. Knowledge about how the amount of adipose tissue in different parts of the body changes during the first year of life could be obtained by the magnetic resonance imaging technique. Exploring changes in fat distribution during infancy is also of interest, because later in life the distribution of body fat is related to the development of chronic disease (29).
